ABSTRACT SWEENEY, EDWARD E. (University of California, Los Angeles) AND GREGORY J. JANN. Utilization of carbohydrates and polyhydric alcohols by Mycobacterium tuberculosis. J. Bacteriol. 84:459-465. 1962.-A new procedure, using a massive inoculum and nongrowth basal medium, was employed for testing carbohydrate and polyhydric alcohol utilization by human tubercle bacilli. A positive reaction was represented by acidification of the test medium rather than by growth, which was the criterion for carbohydrate utilization in studies by earlier workers. The new procedure was both more sensitive and more rapid than growth techniques; results were obtained within days, compared to weeks or months required for growth testing. The massiveinoculum technique may be applied to compounds other than carbohydrates and polyhydric alcohols, and is a sensitive means of detecting changes wrought by various chemical and physical agents upon the metabolism of tubercle bacilli. Three H37Rv strains and six strains of human tubercle bacilli freshly isolated from patients were tested with 21 carbohydrates and polyhydric alcohols. All nine strains gave strong positive reactions for glucose and glycerol, and usually weak positive reactions for ribose and sorbose. Five of the nine strains were trehalose positive, and six (all fresh patient isolates) of the nine were mannose positive.
The human tubercle bacillus, Mycobacterium tuberculosis (Breed, Murray, and Smith, 1957) , has been investigated for its ability to utilize carbohydrates since the initial studies of Hammerschlag (1891) . There is considerable disagreement among various workers. Youmans and Youmans (1953) reviewed the earlier litera-ture on this subject and concluded that only a few of the investigations were conducted with virulent strains. Several workers used just one or two strains for their studies (Proskauer and Beck, 1894; Merrill, 1931; Youmans and Youmans, 1953) . Often, relatively few carbohydrates were employed (Hammerschlag, 1891; Kondo, 1925; Merrill, 1930; Model, 1933; Henderson, 1942) . All of these investigations were carried out by the inoculation of culture media in the conventional manner (small inocula), followed by incubation of suitable duration for growth to occur; 2 weeks to 6 months were required to obtain results.
In our investigations, 21 carbohydrates and polyhydric alcohols were studied with nine strains of the human tubercle bacillus. Heavy inocula were used in a nongrowth technique employed by Pickett and Nelson (1955) in their work on the brucellae. Older techniques had not shown much value for carbohydrate reactions as differential criteria for brucellae, but the procedure of Pickett and Nelson provided excellent results. Their testing medium contained no typical nitrogen source, and thus eliminated or greatly reduced cell multiplication and growth. By a modification of their method, reactions were obtained with M. tuberculosis in 2 to-12 days.
MATERIALS AND METHODS
Organisms. Strains of tubercle bacilli employed in this investigation showed typical slow nonpigmented growth on Lowenstein-Jensen medium (Carlquist, 1950) . Pathogenicity was established for the three H37Rv strains (F 797, F 616, and RR 1) by guinea pig inoculation. The other six organisms (86, 341; 86, 492; 86, 496; 86, 736; 86, 904; and Riverside) were obtained from patients with typical clinical tuberculosis. All nine strains gave positive reactions for niacin production (Konno and Sbarra, 1959) , a criterion which aids speciation of M. tuberculosis. The three H37Rv strains had been maintained on egg 459 on October 2, 2017 by guest http://jb.asm.org/ Downloaded from medium for several years and were subeultured every 4 to 6 months. The six patient strains were fresh isolates which had been cultured on egg medium only once, i.e., on primary isolation.
Culture medium. TB Broth Base (Difco) was the medium used to grow dispersed tubercle bacilli. After autoclave sterilization of the broth base, bovine albumin Fraction V (Armour) in 10% concentration (sterilized by filtration) was added to give a final concentration of 0.5% albumin in the culture medium. It is important to note that no glycerol, glucose, or other carbohydrate was used. The medium was prepared in 50-ml amounts in 6-oz screw-cap bottles.
Basal test medium. The basal medium was composed of phenolsulfonphthalein, 4 mg; Yeast Extract (Difco), 100 mg; K2HPO4, 35 mg; and agar (Oxoid no. 3), 1 g; in 160 ml of deionized water. The medium was adjusted, when necessary, with concentrated NaOH or HCl to yield a final pH of 7.0 to 7.2 after autoclave sterilization for 15 min at 15 psi. The basal test medium was dispensed in 1.6-ml amounts (prior to autoclaving) into screw-cap vials (70 by 16 mm).
Carbohydrates and polyhydric alcohols. Solutions (10%) of carbohydrates and polyhydric alcohols were prepared in deionized water, adjusted to Preparation of inocula. Two or three loopfuls of tubercle bacilli were transferred from a fresh growth on egg medium to each bottle of TB Broth Base containing 0.5% bovine albumin Fraction V. The bottles were incubated at 37 C for 7 to 10 days and shaken daily by hand to disperse the growth. Cells were harvested by centrifugation for 3 min at about 1,200 to 1,400 X g. Each 50 ml of medium provided inocula for 6 to 8 tests; the wet-cell pack of organisms was 0.007 to 0.01 ml per inoculum. The supernatant broth was poured off, and the cells were resuspended in basal test medium without agar so that 0.1 ml constituted the volume of resuspended organisms for a single test; e.g., 0.8 ml of basal test medium without agar was used to resuspend the packed cells from 50 ml of culture medium, and then 0.1 ml of the suspension was used per test.
Test procedure. The test 10% carbohydrate solution (0.4 ml) was placed over the cooled unslanted 1.6 ml of basal agar medium. The 0.1-ml inoculum was then added into the top layer carbohydrate solution. The preparation was incubated at 37 C for 2 to 12 days, depending upon the strain and the carbohydrate. Production of an acid reaction was used as the criterion for carbohydrate utilization. Uninoculated basal test media with carbohydrates and inoculated basal test media without carbohydrates were used as controls.
RESULTS
Fermentation tests. All nine test strains utilized 4 of the 21 carbohydrates and polyhydric alcohols employed, namely, glucose, glycerol, ribose, and sorbose (Table 1 ). Glucose and glycerol were utilized within 2 to 4 days. Ribose and sorbose usually required 6 to 10 days to show a slightly positive reaction; i.e., the color of the indicator was orange-yellow for ribose compared to a full yellow (complete positive) for glucose and red for a typical negative compound such as sucrose. One human strain was rapidly positive for ribose (completely yellow indicator in 4 days), and another strain showed similar rapid acidification for sorbose. Trehalose gave positive reactions with five of the nine strains. All positive reactions were confirmed with acid-fast stained smears to rule out contaminating microorganisms.
Mannose, not often studied by other workers, gave positive results for the six freshly isolated strains but negative results for the three stock strains of H37Rv. The H37Rv bacilli (obtained from three different investigators) had been repeatedly subcultured on egg media. The strains isolated from patients had only primary isolation on egg media, and were selected from growths showing considerable variation in colonial morphology.
No positive reactions among the nine strains of M. tuberculosis were obtained with: arabinose, fructose, galactose, lactose, maltose, rhamnose, sucrose, xylose, dulcitol, erythritol, inositol, mannitol, ribitol, and sorbitol.
Attempts to induce adaptive enzyme formation. Variations in test results with organisms subjected to different conditions. In massive-inoculum testing with human tubercle bacilli, results varied with any one particular strain according to the preparation of the inoculum. Young cells (grown for 7 to 10 days from a moderate to small inoculum) gave the best reactions. Tubercle bacilli grown for 2 months usually gave positive glycerol and glucose tests but negative results for other substrates. If young cells were kept at 4 C for several days before testing, the trehalose test often changed from positive to negative. Thus, the age and the handling of the cells significantly affected final results.
The growth medium of the inoculum influenced carbohydrate testing. Tubercle bacilli, grown in TB Base Broth with added glycerol (most commonly used for mycobacterial growth) or glucose, gave false positive reactions for several days with all carbohydrates; the reactions then became negative for carbohydrates which were typically negative, such as lactose and sucrose, but remained positive for substrates such as glycerol and glucose. H37Rv grown on Lowenstein-Jensen medium (containing glycerol) for just 3 weeks gave positive reactions for all carbohydrates; these positive reactions did not revert to negative in any case, even after 2 weeks of incubation.
The constituents of the medium initially tested were established by Pickett (personal communication) for rapid fermentation testing. In his procedure, inoculation was made into agar medium. Inoculation of tubercle bacilli into agar (presenting slightly anaerobic conditions) delayed the appearance of positive results by 1 to several days, compared with the method finally adopted. The best procedure found for carbohydrate testing by the massive-inoculum technique was inoculation of a thin layer of fluid over unslanted basal medium. The amount of phosphate buffer employed was considerably reduced from Pickett's formula, to increase sensitivity of acid detection by the phenolsulfonphthalein indicator in the medium. Some of the strains used in earlier reports were lacking in one or both of the most basic characteristics of typical human tubercle bacilli (before the recent use of antibiotics): slow growth and pathogenicity for guinea pigs. Many earlier workers used only one or two strains of human bacilli to study carbohydrates. Our results indicate differences among strains. Some reviewers have added the positive reactions from different strains and different workers to give a composite picture of the "species" which is misleading (Wilson and Miles, 1955) .
DISCUSSION
Of the pentoses studied (Table 2) , only arabinose has been reported positive (Merrill, 1930) . This result was obtained with a rapid-growing nonpathogenic acid-fast organism. Ribose in our study gave a typically delayed positive reaction. Youmans and Youmans (1953) reported negative results for growth-testing of ribose, using H37Rv. Theoretically, our testing in a nongrowth medium with a massive inoculum may yield positive results (acidification) with carbohydrates which do not support growth of microorganisms. Also, small inocula, as used by Youmans and Youmans, often behave differently than large inocula.
Among the hexoses, fructose was reported positive in two papers. Proskauer and Beck (1894) noted that fructose gave only a low yield of bacilli by 8 days and the yield did not increase thereafter; glycerol gave heavy growth within 8 days, and the growth increased in the following weeks. Glucose utilization by M. tuberculosis has been shown by many workers. Mannose has been found negative by Proskauer and Beck and by Youmans and Youmans. Our H37Rv strains were also negative for mannose, but fresh patient isolates were positive. Whether the difference in mannose reaction among the tubercle bacilli can be explained by difference in cultivation, or by antibiotic treatment of patients, or by genetic difference between strains, is uncertain at present In our investigations of many other kinds of mycobacteria, pathogens and saprophytes, mannose was the third most commonly utilized carbohydrate or polyhydric alcohol (unpublished data); glycerol and glucose were the most commonly used.
Of the disaccharides tested by earlier workers, lactose and sucrose (Hammerschlag, 1891) , and maltose (Youmans and Youmans, 1953) have been reported positive. Other workers have not affirmed these results. Of the four disaccharides we tested, only trehalose gave positive tests with five of nine strains of M. tuberculosis. Trehalose, without glycerol in the medium, was studied only by Henderson (1942) , who showed that it was readily utilized; Frouin and Guillaumie (1923) pointed out that trehalose was metabolized well when glycerol was present.
In the polyhydric alcohol group, only glycerol has been convincingly demonstrated as being growth-promoting.
The results of workers who studied carbohydrate utilization of M. tuberculosis in basal media with glycerol are distinctly different (Table 3 ). The four papers summarized indicate that there is considerable enhancement by glycerol of carbohydrate utilization. For definitive carbohydrate typing of mycobacteria, positive reactions without glycerol and with glycerol should be distinguished carefully. Lactose, for example, by itself has not been reported to be utilized by human tubercle bacilli (Table 2) except by Hammerschlag (1891) . In our study, consistently negative results were obtained with lactose for nine strains of tubercle bacilli. On the other hand, Proskauer and Beck (1894) and Frouin and Guillaumie (1923) reported that lactose was utilized in the presence of glycerol. With the massive-inoculum technique, two sets of tubes with glycerol were prepared, the concentrations ranging from 2 to 0.06% in twofold serial dilutions; only one set of dilutions received 2% lactose in each tube. All tubes were then inoculated with H37Rv and incubated for 8 days. The results are shown in glycerol, and (iii) the human tuberele bacillus uses a number of carbohydrates in a medium with glycerol but does not grow in the presence of these sugars without glycerol.
The results of our testing of carbohydrate and polyhydric alcohol utilization show differences among nine strains of virulent AM. tuberculosis. It is believed that, as more carbohydrates and alcohols and more strains of tubercle bacilli are investigated, additional differences will be demonstrated. Variations in morphology, pathogenicity, and serology have been recognized among strains of M. tuberculosis since the earliest days of investigation (reviewed by Darzins, 1958) . Biochemical testing, such as carbohydrate reactions, may provide a means of defining types. It also seems apparent, from our results, that the selection of H37Rv as the one and only strain for so many studies related to human tuberculosis may not have been scientifically justified.
Testing of compounds other than carbohydrates by use of the massive-inoculum technique, with a nongrowth basal medium, appears promising from a few results obtained with several organic acids, amino acids, and amides. Acidification of carbohydrate substrates has not been reported before for M. tuberculosis; with earlier growth-testing methods, the media usually became alkaline. Elimination of most nitrogen-containing substances from the test medium has apparently allowed the accumulation of acidic metabolic by-products which are of interest (Long, 1958 
